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AN INVESTIGATION OF FULL-SCALE HELICOPTER ROTORS 


AT HIGH ADVANCE RATIOS AND ADVANCING 
TIP MACH NUMBERS 

By John L. McCloud III and James C. Biggers 
Ames Research Center 

and 

Robert H. Stroub 

Army Aeronautical Research Laboratory 


SUMMARY 


Five full-scale rotors were investigated at various advance ratios and 
advancing tip Mach numbers in the Ames ^0- by 80-Foot Wind Tunnel. The pri- 
mary differences between rotors were twist, articulation, and tip airfoil 
section. Four of the rotors incorporated the NACA 0012 airfoil section over 
the entire blade length. The fifth rotor had tapering thickness and incorpo- 
rated leading-edge camber over the outer 20 percent of the blade radius . 

The fully articulated rotor with zero twist blades was tested at advance 
ratios from 0.30 to 1.05. The other rotors were investigated in the 0.30 to 
0.50 advance- ratio range. The teetering rotor with tapered tip blades was 
tested at advancing blade tip Mach numbers up to 1.00. 

Force, moment, power, and control- setting data were obtained for a wide 
range of lift and propulsive forces, and are presented without discussion. 


INTRODUCTION 


Modern helicopter design requires a knowledge of rotor performance 
characteristics at high forward speeds. Theoretical predictions have not been 
substantiated in this area, and only a limited amount of experimental data has 
been available. Because of the changing environment of rotor operation 
encountered at high speed, many of the assumptions and approximations of rotor 
theory become questionable. Questions arise regarding not only the magnitudes 
of rotor forces and moments, but also the character of rotor operation, for 
example, flapping stability at advance ratios as high as 1 . 0 . 

In order to investigate these questionable areas , several full-scale 
rotors have been tested in the 40- by 80 -foot wind tunnel. The results should 
be useful for helicopter designs for the near future, and should provide a 
basis of comparison for rotor performance prediction techniques and advanced 
rotor systems . 


Fully articulated rotors, 56 feet in diameter, and teetering rotors 48 
and 34 feet in diameter, were operated at advance ratios up to I.05 and at 
advancing tip Mach numbers up to 1.00. 

Data were obtained for a wide range of lift and propulsive force, and are 
presented without discussion. 


NOTATION 


Positive directions of forces and moments are shown in the following 
sketch. 



Ai s , Bi s coefficients in the representation of rotor-blade cyclic pitch, 
that is, 9 q = -Ai s cos - Bi s sin , deg 


ai s> bl s 



0 


first harmonic flapping coefficients relative to shaft normal 
plane, deg 

rotor drag coefficient in shaft-axes system, • ^ ■ h . af ' t ~ axes d- ra g 

pS (®) 2 

rotor lift coefficient in wind-axes system, p 

pS(OR) 


Sc 


a 


resultant rolling-moment coefficient about rotor center in wind- 
rolling moment 

axes system, 

pS(ftR) R 


2 


rolling-moment coefficient about rotor center in shaft-axes system 





a 



a 




a 



a 




a 


resultant pitching-moment coefficient about rotor center (same 

, , , \ pitching moment 

in both wind-axes and shaft-axes systems), £ y - g --- 

pS(ur) 2 r 


resultant yawing-moment coefficient about rotor center in wind 
axes system, 

pS(flR; R 


rotor power coefficient, ( , ^ ori l ue . ) . ( , ^) 

pS(flR) 3 

(a) for articulated- rotor data, based on rotor-shaft torsion 
data 

(b) for teetering -rotor data, based on wind-tunnel balance data 

Cp 

rotor profile -power coefficient, - 


rotor yawing -moment coefficient in shaft -axes system, 
shaft-axes yawing moment 
P S(ftR) 2 R 

rotor thrust coefficient (shaft-axes lift coefficient), 

pS(ftR ) 2 


’ Cl R X \ 2 o ° X R V 

, 0 ) i (vjm) 0 i® 


rotor propulsive-force coefficient in wind-axes system, 


drag 

pS(fiR) 2 


rotor side-force coefficient, 
and shaft-axes systems ) 


side force 
pS(OR ) 2 


(same in both wind-axes 


M(i)(g o ) rotor-blade tip Mach number at 90° azimuth position 
q. free-stream dynamic pressure, (l/2)pV 2 , lb/ft 2 

R rotor radius, ft 

S reference area [(number 2 of blades) X (blade chord) 

X (rotor radius)], ft 
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T free-stream temperature , °R 

V free-stream velocity, ft/sec 

— advance ratio 

ftR 

angle of attack of control axis (swash plate) relative to tunnel 
centerline, positive tilted aft, a s - Bi g , deg 

a g angle of rotor shaft from vertical, positive shaft tilted aft, deg 

p air density, slugs /ft 3 

ft rotor rotational speed, radians/sec 

g 

a rotor solidity, — ~ 

TtR 2 

0 C cyclic pitch, deg* 

01 twist, deg* 

0 q collective pitch at 0.75R, deg 

9 . , 9 collective pitch at 2.33-ft radial distance from hub center, deg* 

grip’ g & 

rotor-blade azimuth angle measured from downwind position in 
direction of rotation, deg 


MODEL DESCRIPTION 


General 

Figure 1 shows the rotor systems installed in the wind-tunnel test 
section. Rotor-shaft angle of attack was remotely controlled using an extend- 
able tail strut. Rotor power was provided by a 1500-hp, variable-frequency 
electric motor inside the faired bodies. Collective and cyclic pitch were 
remotely controlled and monitored from the control room. First-harmonic 
rotor flapping coefficients relative to the shaft were obtained from 
electronic flapping resolvers. 


*Pitch angles are measured from a plane perpendicular to the rotor shaft 
and the line of zero lift of the airfoil section. 
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Fully Articulated Rotors 


The two sets of blades investigated with the fully articulated rotor 
system were dimensionally identical except for twist. One set had -8° linear 
twist, and the other 0°. The dimensional information related to the fully 
articulated rotors is listed below. 


Rotor radius, R, ft 28 
Blade chord, c, ft 1*337 
Cutout radius , ft 4.48 
Rotor solidity, bc/itR 0.062 
Reference area, ft 2 153*1 
Blade moment of inertia about flapping hinge, 

ft-lb-sec 2 1264 
Blade weight moment about flapping hinge, lb-ft 2265 
Flapping hinge offset, ft 1.0 
Number of blades, b 4 
Airfoil NACA 0012 
Blade taper ratio 1.0 


A standard H-34 transmission and rotor shaft were driven by the 1500-hp 
motor, and a special high-strength rotor control system was used. 


Teetering Rotors 

Three sets of blades were used on the teetering rotor system. The 
standard blades (48-ft diameter) and the 34-ft blades had NACA 0012 airfoil 
sections. The third blade set (48-ft diameter) was linearly tapered in thick- 
ness ratio from 0.8 R to the tip, which was approximately the NACA 21006 air- 
foil. The tip airfoil is described in detail in table I. The dimensional 
information related to the teetering rotors is given below. 


Rotor radius, R, ft 

24.0 

17*0 

Blade chord, c, ft 

1*75 

1*75 

Cutout radius, ft 

2.04 

2.04 

Rotor solidity, bc/itR 

0.0464 

O.0656 

Reference area, ft 2 

84.0 

59.5 

Blade twist, linear, deg 

-10.9 

-7.7 

Blade taper ratio 

1.0 

1.0 

Hub precone angle, deg 
Blade moment of inertia about 

2.75 

2458 

2.75 

* flapping hinge, ft-lb-sec 2 

2289* 

1584 

Number of blades 

2 

2 

Airfoil 

NACA 0012* 

NACA 0012 


*The tapered -tip blades were NACA 0012 from the 
root to 0.8 R, and linearly tapered in thickness from 
0.8 R to the 6-percent -thick tip. The zero lift line 
of the cambered tip sections was varied so that the 
twist distribution was linear. (See table I.) 
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A standard UH-1D transmission and rotor shaft were used in conjunction 
with a speed- increasing transmission to match the motor speed to the UH-1D 
transmission. The rotor was controlled by a modified UH-1B control system. 


OPERATING PROCEDURES 


Tunnel speed and rotor rotational speed were adjusted to obtain the 
desired advance ratio and advancing tip Mach number. At each combination of 
a s and collective pitch, the cyclic pitch was adjusted to minimize first 
harmonic blade flapping, and data were then recorded. Collective pitch or 
<x s was then changed and the above procedure repeated until a limit was 
reached in motor power, control position, or structural loading. 


Data Reduction 

Six-component forces and moments were measured by the wind-tunnel balance 
system. Tare corrections were applied to the balance data to account for 
forces and moments produced by the exposed model support struts , the faired 
body, and the rotating hub. The rotating hub tares included all hardware 
inboard of 0.08l^ R for the articulated hub. For the teetering rotor, all 
rotating hardware inboard of the 2.66 ft radius station were included in the 
tares . The tares applied were based on wind-tunnel dynamic pressure and a g . 
Rotor downwash effects on the tares were neglected because of a lack of confi- 
dence in any known technique for assessing their magnitude. The tares used 
are the faired curves in figures 2, 3, and 4. The control-axis angle of 
attack (a c ) was determined by the equation 

a c = a s - Big 

where longitudinal cyclic coefficient, Bi , was obtained from model 
instrumentation. 

Rotor torque and rotational speed were used to compute the total power 
coefficient Cp/cr. For the teetering rotor, rotor torque was measured with 
the wind-tunnel balance. For the articulated rotor, torque was measured with 
a shaft torsion gage as well as with the wind-tunnel balance. The shaft power 
data are presented in the figures since these data are independent of rotor 
wake interference effects on the fuselage. Comparison of torque obtained from 
the rotor shaft with that obtained from the wind-tunnel balance indicates that 
these interference effects are small. The maximum difference between these 
torques corresponds to 3 percent of maximum power. The rotor profile power 
coefficient is based on the assumption of uniform downwash distribution over 
the rotor disk. 
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Data Presentation 


Test conditions for both the articulated and teetering rotors are illus- 
trated on the rotor velocity diagrams in figure 5. Numbers adjacent to the 
symbols on these diagrams refer to figure numbers which present the plotted 
data for that condition. (An index to the figures is given in table II.) 

Tabulated data from the articulated and teetering rotor tests are indexed 
in table III and are presented in both the wind-axes and shaft-axes systems in 
tables IV -1 through IV -62. 

Although the technique used in these tests was selected to obtain data 
with a lg = bx = 0, numerous data were recorded for which flapping was not 
zero. Of those data, only those for which |a ls | or |b lg | was greater than 
0.2 are so noted and listed in the tabulated data. For the plotted data, 
nonzero flapping is not noted except in figures 7 and 8 where ±5 of lateral 
flapping was intentionally induced for several points. 


Ames Research Center 

National Aeronautics and Space Administration 

Moffett Field, Calif. 9^-035, March 5 > 1968 
721-01-00-13-00-21 
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TABLE I.- UPPER AND LOWER SURFACE COORDINATES FOR BLADE TIP AIRFOIL SECTION 


FOR TEETERING ROTOR TAPERED TIP BLADE 
[All dimensions are in inches] 


y u 









Figure 

No. 


TABLE II.- INDEX TO FIGURES 
Title 


1 

2 

3 

1 + 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 
19 


General view of rotor systems, (a) Articulated rotor system. 

(b) Teetering rotor system. 

Tare data No. 1 (used for articulated rotor data with fairing over 
tail-strut dynamic absorber) . 

Tare data No. 2 (used for articulated rotor data without fairing over 
tail-strut dynamic absorber). 

Tare data No. 3 (used for teetering rotor data). 


Rotor velocity diagrams . 
Articulated rotor with 0 ! = - 8 °, 


v/an » 0 . 30 , m ( i)(9q) 
v/sir = o.4o, m ( i)(9o) 


0.74 

0.82 


V/NR = 0.46, M (i)(go) = 0.82 

o 

Articulated rotor with 6 i = 0 , 


V/SIR = 0.30, M (l)(9o) 

V/BR = 0.40, M( l)(9o) 

v/s® . o.46, m ( i)(9o) 

v/br = 0 . 50 , m ( i)(9o) 

M/m - 0 . 62 , m (1)(90) 

V/BR . 0.71, M (i)(9q) 

V/BR = 0.82, M (l)(90) 

7/BR=0.83,M (i)(9o) 

V/BR = 1.05, M (l)(90) 

V/HR = 0.40, M(i)( 90 ) 

V/fiR = 0.4l, M, w x 
(i)(so) 


0.73 

0.83 

0.82 

0.83 

0.73 

0.68 

0.62 

0.62 

0.54 

0.67 

0.87 
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TABLE II.- INDEX TO FIGURES - Concluded 


Figure 

No. 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 


Title 


Articulated rotor with 0i = 0 , 

v/SE = 0.39, m (i)(9o) " °- 8 9 
v/OR = 0.39, M (l)(9o) ' °-93 

Teetering 48-ft rotor with standard blades , 


v/m = 0.30, m ( 1)(90 ) = °-T 9 
v/qr = 0.30, m (i)( 90 ) = 0,8 5 
V/ftR = 0.30, = 0.95 
V/OR = 0.35, m (i)(9o) = °- 8 5 
v/aR = 0.35, m (!)( 90 ) = °' 95 
v/ftR = o.4o, ^(!)( 90 ) = °- 8 5 

Teetering 48-ft rotor with tapered-tip blades, 


V/OR - 0.30, M (l)(90) 

v/or - 0 . 30 , m ( i)(90) 

V/8R . 0.30, M (l)(90) 
V/OR - 0.35, M (l )( 90 ) 
V/8R = 0.35, M (l)(9o) 
V/8R - 0.40, M (l)(9o) 
Teetering ^b-ft rotor , 

V/flR = 0.51, M (l)(90) 
V/flR = 0 . 66 , M (l)(go) 
V/2R = 0.79, M (l)(go) 


0.85 

0.95 

1.00 

0.85 

0.94 

0.84 

0.65 

0-55 

0.52 
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TABLE III.- INDEX TO TABLES* 


Table numbers 

Wind Shaft 

axes axes 

IV- 1 IV - 32 
IV- 2 IV- 3 3 
IV- 3 17-34 

IV- 4 17-35 

IV- 5 IV-36 

IV- 6 IV -37 

IV- 7 17-38 

IV- 8 IV-39 

IV- 9 iv-4o 

iv -10 iv-4i 

IV-11 17-42 

rv- 12 iv-43 

IV -13 iv-44 

iv-i4 iv -45 

IV -15 IV-46 

IV-16 iv -47 

*Abb rev iat i ons 
CH for Cjj/cr 
CLR for C T /a 
R / 

OMX for Cj^/ct 
(MXB for Cj^. /1 

(MY fox* & 
CMZ for C mz /a 


Description 


Articulated rotor with Q\ = -8°, 
V/OR = 0.30, = 0.74 

7/fiR = 0.40, = 0.82 

V/BR = 0.46, M (l)(go) = 0.82 

Articulated rotor with Ox = 0 °, 
V/OR = 0.30, M( x )( go ) = 0.73 

V/2R = 0.40, M( x) ( 90 ) = 0.83 

V/OR = 0.46, = 0.82 

V/fiR = 0.50, M( x )( go ) = 0.83 

V/2R = 0.62, = 0.73 

V/2R = 0.71, m (i)( 90 ) = °' 68 

V/fiR = 0 . 82 , M( l)( . go) = 0.62 

V/OR = 0.83, i)( 90 ) = °‘ 62 

v/fiR = 1.05, m (!)( 90 ) = °* 54 

V/ OR = 0.40, M^^ 90 j = 0.67 

V/ftR = 0.4l, M (l)(go) = 0.87 

V/flR = 0.39. m (i)( 90 ) = 0,89 

V/2R = 0.39, MM(9 q) = Q, 93 


in tables are : 

CP for C p /a 
CPO for Cp o /c 

CQ for Cq /o 
CT for Cp/cr 
CXR for C Xr /ct 
CYR for C Y jj/a 
M, AT for M (l)(go) 


V/OR for Vfm 
No. 1 tare for 
fairing over 
tail strut 
No. 2 tare for 
no fairing over 
tail strut 


TABLE III.- INDEX TO TABLES - Concluded 


Table 

numbers 


Wind 

Shaft 

Description 

axes 

axes 

Teetering rotor, standard blades: 

IV-17 

17-48 

7/ OR = 0.30, M (i)(9o) = 0.79 

17-18 

17-49 

7/ftR = 0.30, M( x) ( 9o) = 0.85 

17-19 

17-50 

7/2R = 0.30, M (l)(go) = 0.95 

17-20 

17-51 

7/2R = 0.35, M (!)( 90 ) = 0,8 5 

17-21 

17-52 

7/2R = 0.35, M (!)( 90 ) = 0, 95 

17-22 

17-53 

7/OR = 0.4o, M (l)(go) = 0.85 
Teetering rotor, 48-ft tapered-tip 1 

17-23 

17-54 

7/LR = 0.30, M (l)(go) = 0.85 

17-24 

17-55 

7/flR = 0.30, M (l)(go) = 0.95 

17-25 

17-56 

7/ 2R = 0.30 = 1.00 

17-26 

17-57 

7/2R = 0.35, m ( x )( 90 ) = 0,8 5 

17-27 

17-58 

7/WR = 0.35, M ( 1 ) ( 90 ) = 0<94 

17-28 

17-59 

7/OR =0.40, M (l)(go) = 0.84 
Teetering rotor, 3^- -ft blades: 

17-29 

17-60 

7/2R = 0.51, M (l)(go) = 0.65 

17-30 

17-61 

7/2R = 0.66, M (l)(go) = 0.55 

17-31 

17-62 

7 /«R = 0 . 19 , m (i)( 90 ) = °*5 2 
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TABLE I V-6.- ARTICULATED ROTOR; 0° TWIST, V/2R = 0.46, M, *, N = 0.82. 
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TABLE IV-8.- ARTICULATED ROTOR; 0° TWIST, V/ftR = 0.62, = 0.73 
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TABLE IV-10.- ARTICULATED ROTOR; 0° TWIST, V/QR = 0.82, M, w . =0.62 
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TABLE 17-23.- TEETERING ROTOR; 48-FT TAPERED TIP, v/ffR = 0.30, M / w N = O.85. 
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TABLE IV-34.- ARTICULATED ROTOR, -8° TWIST, V/flR = 0.46, M, . , , = 0.82 

Cl)C90) 


H OJ O (D IA ri H A— VO r^H'JAOVQCVJOJOCVJ 
H OJ OO-d- VO O H r— I A) Al CC O O O H J- N W 


H h h-OJ lACACOCOVO H HVO OOd- 
AnrHOOOOOOHfOrHOOO 


I 


r-r»r-inr-inogr\i{nrM«-»oooooo'CAO' 

tN(M(NOjN(Mraoj(\MNNryH(MHHHH 

OOOOCDO)OOOOaDCQCDOO(X)CDCOOOOOODCOaD 


j'^in'0'TMn(’in4''00 H 'r 

OOCDODCDCUaOaOCDCOCOaOCDODOO 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOO 


cc 

u 


r^aooaoinr-o»-too<-ic?rgaoo'oor-oo 

iniri'aininifi'O'O'O'O'O'O^iAiriiAinin 


(ArgoofOHf\jrg<rt\iOH(»iM 

y*\ yQ \Q ^ yQ >() ^ v() \Q \Q vQ \Q 

>TNr'T>r'Tsr>r>T'T>r^r'T'T-4- 


OOOOOOOOOOOOOOOOOO OOOOOOOOOOOOOO 


o 

a 


me\j'T>r-«r'OOom'i'®'Or^mf*»r^'rm 

oor-’-«o‘*''c\jr^ocrir\crr-mrnp-r'-aucr 

<T'Ocrm-Tfnm<oao^Hr--^<Mrnr-co->r»-« 

r\j(MrMrgf\irxirgc\ir\imngcMPgc\ipgrvojfn 

ooooooooooocoooooo 

oooooooooooooooooo 


WHr-oo-^^OfNJOf'jajo'OJXi 
HH® ^ 

'T(\im*©cpurtojminQ<N»- , ~«r > j 

>rrgr\irgrgrvjr\jrn«T^omrr>>r >j- 

oooooooooooooo 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOO OOOOOOOOOOOOOO 


uu\ 

CL U. 

m o 


CL O 

o 


o 

CC 


u CD 


ua O 
m 
< 

CO 

in 


£ 


X 
CO o 
lli I 


<1 *- 
I o 


< o 
X CC 
a. (v 
-i Z 
<i O 

o 


^ , ( v -Ttf>o'M , wnoo l (»pgin(nNifun 
OCTOLn— <0'ovr^''CDmcraomr > -GDc\jr- 

oco^mr-comcopncNio— un^gO'O'A 

OH^ipQ'J'^'Aff'O'OO'O'fNBfnry 

rvj'T'Oc\jr\ji-tryfn^**-tr\©*H»-irg<-»cgm 

OOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOO 


ry o 
rg rH 
<n r- 

<43 00 

in o 

o o 
o o 


rtO'tfunpjtsimo'irw'r'in 
cP'fO''T®'Oi7'inf\j-T^r^ 
ooor-— •moooovOooO'Orvj 
H(MO(^HNvO(AHO'Hp» 

OOOOOO^r r '* , ^'^‘V^ 

oooooooooooo 

oooooooooooo 


OOOOOOOOOOOOOOOOOO 


om>f' 00 'C'Oir'r*irniiou>fciriroo 

^rgvomm.-tnoorn^rgcrp-rnP^CD'O 

niro®NhM^iN(\i'OH^inNOfn^ 

(Mg-M^rgH^mirminHHHryjtMrgm 

OOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOOO 
II I till 

pgrn©r-Hr--r-on-»-“‘c\4crrM>T 

p^gjrsjiri'Org^-iNj-'ti'Or^aDO'^ 

^OOOOOOO h ^HJ hhh 

OOOOOOOOOOOOOO 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOO 


u'r^r-co ^a)inH^H<H*Hvor“‘(\(\'Tin 
«CDIAO^O | SO^O( 7 ' 4 }IOOI(N'nnCO 
O('J'0HmCn^(7'n(tlOH^iC-4rtHO 
OOOOOOOO^'^^OOO^^'-'^ 
OOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOOO 
I I I I 1 I 

OO h AtvnO'I' 

O'fM'fO'XONHin'UtNI’IH 

-^oooooooo^oo^^ 

OOOOOOOOOOOOOO 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOO 
III I I I I I I I I I I I I I I 

'TP- 0 'U'^oo'iAOHO'nojHB«ofn>o 

ntNi^>om'«(NHM\J'C®u'Binor* > 0'4’ 

mmiA^HgHoO'O'flcr'flin^'OiA'T 

OOO^AJOOOO^HQOOOAJHO 

OOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOOO 
I I I I I I I I I I I I I 

in^crinmcor-'-Hmr-r-O'Ofn 

ojHDDin'TOjfyina'inTHf^D' 

H«jfrunvO«f'Oi v 4)N'OHincr 

OOOOOOOOOOOimrgog 

OOOOOOOOOOOOOO 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOO 
lilt II I 

ajH>o[\^mrio^r'CU>uM , "U'oo“' 

0 'ymcM fc O'mr'r»rgH(TiHg>^ 4 >iMco 

trry|H(\nnminir<sin>o <r ^ <r in « in r\i 

ooofNooooo^'<J'- < '- , ^*- , 'r'0'H 

OOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOOO 


0'TO'or*'«>roo' > or-'Xom 
mt-t ^rnmn^^rninorg^ 
04 , 'T'f(Min>T(\i7'inoo®P k 

OOOOOOOOOOOOOO 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOO 
I I I I I I I I I I II 

•«rmmp-mr“-m<x>>ogpr*' 0 *-H«a'aom'OP“ 

On^a' 0 'C 7 'inHin>r« 0 p*'ONA-'OC 0 'O 

mrgHMtNrgrMnjHoioiMNNHnoo 

OOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOOO 
I I I I I I I I I I I I I 

4jr*y''f^O'incoho^ HH ® 

oin^uiHH^-w^ajirrKiin 
inM^Tr-ODU'OhO' « (M (n H 

OOOOOOOOOOOOOO 

OOOOOOOOOOOOOO 


oooooooooooooooo 

I I I I I 1 t I I I I I I I I I 

MDn'fin(n'«0'4M3uuBir'r(Ma) 

mmtnp-cra'^irym-o^Hajo'inr— 

Hr^'0r*Cf''0r*or"0'mH(vui-0(N 

ryr-<UI'OHNl 7 ''OHsrgUOWmO'»H 

HPrunHHH(M<T«>0inH(MTin'0 

OOOOOOOOOOOOOOOO 


O O 


rn <*■ 

>r o' 


oooooooooooooooo 


o o 

« • 

o o 


-0B(TMncPH(n'r'0fniN^'0«D0'r*o 

,-1 ( i~< i-« _l t-f #-< J | ) | | | H 

I I t I I I I I I I 1 


% 

+ 1 


OOOOOOOOOOOOOO 
I I I I I I I I I I I 

inr-srtrrgcrtM'Tr-r-inrsJOH 

oin>j , j'0'f®'J''i’'A^r ,,, f f i | n 

g , osr<vwg-m©inr"*Hfnr-cr 

HMIlHUl'J’MN'OinO^I’lO 

cDocg' 5 T l A'rvjLnr , -cDC 7 ''J-tnr-co 

OOOOOOOOOOOOOO 


OOOOOOOOOOOOOO 


* o 
*6 o 

M 

on 



> 

1 h“ 

in 

f- 

cn* 

3 

4) -d 

5 9 

8 

O 

H 

1 


rt fuo rn 


on aj aj 


rinm ro^^hjhu'h ngcur- 


rqir\m^H*-*(^or\jinkocr'0-«Trvj 

^ I I I I I 


U 

£ 


<L *- ooooooooooo 


rt XX 
Eh a. < 
-J X 
, <1 co 


OQOOQininininirunoooooOO 

•— IHHHH | | | | | | 

I I I I I 

coo ojcoco Jvoco o 6 6 6 oj -tvovovoco 

H H rH H H 


ooooooooooooo 

O^nminmmmunininoOOO 


o oj d oj oj* oj _ 

H i I i 


• VO CO - 3 - oj o oj 


^3 



TABLE IV-35-- ARTICULATED ROTOR; 0° TWIST, V/UR = 0.30, = 0-73 
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TABLE IV- 39-- ARTICULATED ROTOR; 0° TWIST, v/ftR = 0.62, M, w \ =0.73 
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TABLE IV-40.- ARTICULATED ROTOR; 0° TWIST, V/LR = 0.71, M, w x = 0.68 
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For the following data points 
a-^ and/or b-j_ ^ 0° + .2° 



TABLE IV-41.- ARTICULATED ROTOR j 0 TWIST, v/ftR = 0.82, M< w * =0.62 


U H OJ IACO 0 4V£)00 OJ IAO Oi O LT\ OJ VO H t COCO t/"\ CO t O VO V£) OJ 0\ m rHOO 

< HHHHCJojojOJcn f rW 4 O Orl rHOJOJoncnOOHOJ OJ OO OO O H H OJ COCO 

I l I I l I I l l l l l I l I I I I l I l I I I I I l I l I I I 


CL 

o 


moo- 4 oinMir‘»in® 0 'CM«*PMCMCMCM**®r , -®f i -Miinin-i’m- 4 '-i'- 4 'inm*> 

mmmrorrirMCMrMrgrMo-i<\JrvirNJCMCMCMrMo- 4 o- 4 .- 4 o^o^o- 4 o- 4 .-Mo-io*o^.- 4 o- 4 oHo-i 

O'OJJO'O'O'O'O'O'O'a'O'O'O'O'O'O'O’O'O'O'O'a'O'O'O'O'O'O'O'O'O'O 

OOQOOOOOOOOOOOOOOOOOOOCJOOOOOOQOOO 

CO(r\SrtN<MaOCO>Ofn^(J'>fa®fflCOO®> 4 ‘NO'f‘CD«tmt>OC 5 «trlH 

<OOOff)OOCDNCDODCOOOCDODflO©CDCDODCOCD®QOOOflOflOCCICDOOODlI)COOOaJOD 

OOQOOOOOOOOOOOOOOOOOOOOOOOOOOQOOO 


a 

CL 

o 


3 


§ 

& 


~ o 
o 


a 

o 

X 
i/> O 

UJ i 

X 

< 


< I- 
X o 
oo 


-J 

< o 

X at 

CL K- 

-I z 

< o 
o 


< H- 
X LL 

a. < 
-J X 

< LO 


COlA®CDsOCJOMQOOKW 5 M 4 , <D-Oh«^l«tApr>^N^h.» 4 -flinfONHr-fn 

®c*^cMinMimf-oM-*OcomoinrMr-M3>*i , nM300'®inoincD<irMOf'-0' 

4 saDtr>oflOSOHON'ONinff'inHOi'>>OrHinh®inoDO''aH , jf r *ino 

MiM 3 Mif-c-®®®oacMCMMiMiinM>r^h- 0 'OP»M>MiMJc-® 0 'i , -r'»C'-f'-® 0 ' 

OOOOOOOOoMoHo-Mo-IOOOOOOO^OOOOOOOOOClOOO 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQ 





o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

C3 

o 

o 

o 

o 

o 

o 

ti 

o 

o 

o 

ti 

o 

o 

n 

in 

o 

o 



lA 

f» 

CM 

r- 

h- 


rn 

><■ 

CM 

0-4 

® 

® 

-O 

CM 

m 


o4 

in 

CM 

O' 


O' 

4 

m 

0-4 

CM 

CM 

CM 

0-4 

o>4 

© 

CM 

in 

A 


CM 

m 

CM 

o 

O 

o 

m 

CM 

in 

m 

o 


CM 


** 

r- 

o 

m 

o 

O' 


o 

o 

si- 

vD 

O' 


r> 

o 

wi 

#-4 

CM 

CM 

O 


<SI 

in 

® 

CM 

O' 

O' 

PM 

c- 

in 

c- 

in 

O' 

o 

c- 

O' 

O' 


® 

in 

o-4 

m 

O' 

O' 

o* 

O' 

fM 

CM 

CM 

o-4 

oM 

O' 

O' 

M3 

ULI 


>1- 



in 



r- 



m 

O' 

o 

*<■ 

in 

**- 


in 

in 

O' 

f“ 

oM 

0-4 

o-4 

CM 

M3 

® 

m 

Mi 

r- 

C- 

® 

Mi 

O' 

Ui 


•*4 

-* 

H 

w4 

*4 

rM 

H 

oH 

CM 

CM 

CM 

ro 

»-4 

o4 


o4 

0*1 

o-4 

oH 

CM 

0-4 

0-4 

o-4 

o«4 

o-4 

0-4 

CM 

o 

o 

3 

o 

0-4 

o-4 

CL 

Q. 

O 

o 

o 

O 

o 

O 

O 

O 

o 

o 

O 

o 

o 

O 

O 

O 

O 

O 

o 

O 

o 

Q 

o 

O 

o 

o 

o 

o 

o 

O 

Cl 

o 

O 

LO O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

a 

o 

o 

o 

O 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Q. 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


o 

o 

o 


o 

o 

o 

o 

o 

o 

1- 


o 

CM 

CM 

f*- 

CM 

O' 

o 

o 

sO 

O' 

f- 

oM 

® 

rM 

O' 

>0 

o 

m 

M3 

r^* 

fM 

o 

tn 


O' 


•-4 

m 

in 

o4 

r- 

0-4 

M) 

O 


CM 

o 

M3 

P- 



>* 

o 

N<- 

m 

® 

o-4 

o 

oM 

O 

in 

r- 

c- 

in 

o 

O' 

Mi 

m 

CM 

m 

0-4 

o-l 


-a* 


rr> 

® 

® 

z 




m 

CM 


•o 

® 

o 

m 

■o 

o 

-tf- 

o-4 

m 

m 

m 

m 

n 

® 

c- 

O' 

o 

o-4 

oH 

m 

Mi 

o-4 

CM 

CM 


in 

O 

Mi 



r-l 


-m 


0-1 


H 

pm 

CM 

CM 

m 

o 

o-4 

H 

o-» 

o*4 

*—• 

o4 

H 

CM 

o 

—4 

o-4 

—4 

o-4 

o-4 

CM 

O 

O 

O 

o 


r-4 


O 

O 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

< 

o 

O 

o 

o 

D 

o 

o 

o 

o 

o 

O 

o 

o 

o 

a 

o 

o 

o 

Q 

o 

Cj 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

UJ 


• 

♦ 

• 

• 

• 

t 

• 

• 

• 

• 

• 

• 

• 

» 

• 

• 

• 

• 

* 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

OC 

< 


o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

Q 

o 

o 

O 

o 

o 

UJ 


o 

r- 

Mi 

o 

CM 

h- 

® 

® 

m 

m 

m 

pCl 

4- 

h- 


O' 

in 

® 

CM 

® 

CM 


oH 

CM 


00 

* 

O 

m 

Mi 

h- 

f- 

rn 

o 


m 

O' 

mj 


O 

>o 

O' 

® 

o 

O' 

o 

0*1 

c- 

cn 

o 

'tf- 

o4 

H 

in 


o4 


M) 

in 

o-4 

® 

® 

c* 

Mi 

O' 

in 

in 

o<4 

< 


® 

•o 

Mi 

m 

m 

o 

o 

o-« 


r» 

CM 

o-4 

Li 

cn 


o-4 

m 

C- 

o 

4 

o-4 

8 

CM 

M) 

c~ 

CM 

O' 

4 

in 



Mi 

Mi 

-J 


o 

o 

O 

H 

o 

*-4 

H 

r-4 

o 

o 

o*4 

o*4 

o 

o 

o 

o-4 

o 

o 

o-4 

O 

o 

o 

O 

o 

u 

o4 

e 

O 

o 

o 

o 

o 

O 

CO 

>- 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

4 ' 

o 

o 

o 

r> 

c* 

o 

O 

e* 

o 

o 

c 

© 

o 

o 

o 

O 

O 


X 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

Q 

o 

o 

o 

o 

o 

Q 

o 

o 

o 

o 

a 

o 

o 

o 

o 

o 

Q 

o 

l_> 

o 

o 

o 

►— 


• 

o 

0 

1 

• 

o 

0 

1 

0 

1 

o 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

O 

Q 

1 

0 

1 

0 

1 

0 

1 

0 

1 

o 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

o 

1 

o 

1 

0 

1 

0 

1 

0 

1 

0 

1 

o 

oc 


oH 

® 

m 

Mi 

>o 

M> 

m 

® 

f- 

r- 

® 

MD 

>o 

o-4 

r- 

o 

in 

m 

in 


fd 

Mi 

Mi 

O' 

® 

r- 

CM 

® 

Mi 

m 

oo 

r^- 

p- 



o 


•—4 

Ml 

H 

r-« 

M> 

CM 

O 

-r 

*<* 

-J- 

•*4 

CM 

CM 

-t 

o4 

-o 

O' 

M> 

m 

c- 

m 

O' 

in 

® 

O' 

Mi 

O' 

m 

fCi 

c- 

c- 

z 


CM 

m 

o 

O 

*3 

o 

o 

o 

o 

oM 


in 

MD 

CM 

CM 

CM 

o-4 

m 

o 

m 

M> 

PO 

CM 

m 

CM 

o 

o 

® 

O' 

m 

4- 

o 

r-4 

O CO 

o 

o 

o 

O 

O 

o 

O 

o 

o 

o 

o 

o 

O 

O 

O 

◦ 

3 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 


X 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

Q 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

z 

o 

o 

o 

o 

o 

a 

o 

o 

o 

o 

o 

o 

o 

C3 

o 

o 

O 

o 

o 

O 

a 

o 

* J 

o 

o 

o 

a 

o 

o 

o 

o 

o 

o 

UJ 

o 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

l/i 

< 


0 

1 

o 

o 

o 

0 

1 

o 

o 

o 

o 

0 

1 

0 

1 

o 

1 

0 

1 

e> 

o 

1 

o 

1 

0 

1 

o 

o 

0 

1 

0 

1 

0 

1 

o 

0 

1 

0 

1 

o 

0 

1 

o 

0 

1 

o 

1 

o 

1 

o 

0 

1 

CD 


in 

CM 

in 

£ > 

in 

o 

o 

® 

M> 

o-4 

in 

O 

a 

CM 

a 

CM 

>0 

O' 

CM 

in 

in 

in 

® 

O' 

CM 

m 

c~ 

in 

CM 

Mi 

O' 

in 

CM 



Mi 

m 

r- 

*— 4 

H 

f- 

o 

oM 

4- 

® 

o*4 

fM 

® 

h- 

h* 

® 

Q 

O' 

M> 

in 

® 

c- 

m> 

in 

f- 

o«4 

o 

CM 

O 

o-4 

O' 

® 

m 

00 


<M 

m 

md 

® 

H 

m 

>o 

CM 

H 

in 

m 

O 

m 

CM 

CM 

c- 

fM 

® 

o-4 

m 

CM 

M3 

o 

-4 

m 

in 

O' 

CM 

O 

Mi 

O' 

o-4 

m 

1- 


o 

o 

o 

o 


0-1 


CM 

fM 

CM 

m 

m 

o 

O 

Q 

o 

o-4 

o-4 

CM 

m 

O 

O 

0*4 

o-4 

H 

CM 

CM 

o4 

o*4 

o-4 

0-4 

m 

m 

z 

QC 

o 

o 

o 

o 

O 

o 

o 

O 

>J 

o 

o 

o 

o 

O 

O 

o 

Cl 

o 

O 

o 

o 

o 

o 

O 

o 

o 

O 

o 

O 

O 

o 

o 

o 

uu 

>- 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I t I 

^mo^^roo®co^Qo-4foa'>fr-r«-r-Oin>oor-a'^orsjf>jiMO'Oh--l 
oO’4-c^t\i>*fNjr-rMm<4’moDco*-»r“'4'*’®>*-mO'*in«4*a)oomoo'©r«-in 
*^-4'infnM>fno'OcMc-c-cMinoin--4®r-MiM>ooo-4ocuin.-iO'OMJm®o 
MiM)M>r~h-0'®0 , >a0'CucgM3M5inM)M>r>-®0'r-MiMiN0Mir-®M)MiinininMi 
OOOOOOOO-HO-fr-^OOOOOOOOOOOOOOOOOOOOO 
o o o o o o o o o o o o r; o o cj r> o o o o o o o o o o o o o o o 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
I I I I I I t I I f I I I i I I I I I I I I I I I I I I I I I I I 

C0H4 , HH0'NCD^(nN'0')(J'r\iN^N'*'rH^'0N>foa‘ 'C>Hr0'00'N 

^^'0<toff i O'M>i7'{Mi)inff'h>0'comfnfnoo'^HO'Nin'tH>oiDfloO' 

^■4-NOJfJ'tM^fNJ(noO(OrrifMOfnOinNJ , N(n'OfOHi^^fM'tO'tlOU> 
O O O O O o O O r-l o-4 ,-4 o-4 O O O O «-4 o-4 o-4 CM O *-M — * .*-4 CM CM CM CM CM r«1 m ro rn 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


J o 

( t 


0 o o 

1 I 


OOOOOOOOOOOOOOOOOOOOOOOOOO J o 


OO^rOlAlA 4 -lf\MaONCr' 0 (J'rOfO®flOQ'a'NO^^CO-. 3 inHfO>t^M 

mMir-® 0 ' 0 ^«cMfn'M’inr-.~i^ 4 o- 4 M'M>®OPMrM*MO' 4 ‘M 3 r- 0 '*rMOf'Minr- 
llllio-Mo*4*-4,-lo-4.~4«-4 | | | I H H I i I t -4 I I « I 

i t t i i I i i i i 


■ O O O O O O 7* O O O 


: » o o n O O O ' / O O O) 


NN<NJ<MMNNNNNNNOOOOOOOONMNN(MOjN4-4 , ^>l‘St-'t 
I I I I I I I t I t I I 


CVJ CoA (A VO f“CO ON O HCU CU-4- CUO CU-=f VO CO C>A OJ O CM A VOC0 -4 OJ 6 C\J ^VD 

H H rH i— | I I rH I I II 


50 


For the following data points 
a-L and/or b-. ^ 0° + .2° 


ra irsco co lt\ i— i O\oot-Hoo ir\ 
< dHHHOJcGroHOJOJco 

II I I I I I I I I I 


'O'O'O'O'O'A'O'O'O'O'O 

ooooooooooo 


insOCOCOCT'OfMCT'h-^^ 
rj(M(Mrsi(MfMrrtojramm 
ao 00 CO ® 00 00 00 CD 00 00 CO 

oooooooeooo 


*-tO''fl^O'tOHOCT , OD 

^vOO'r-lONHvO'O^N 

'ON'ON'O 'OOrtr 1 ' Oh 
H'OO'-O'i’O'HHOOlAh 
NO^NNNCM>« 0 © 0 ' 
OOOOOOOOOOO 

ooooooooooo 

OOOOOOOOOOO 


O' a> in oo o <o f ) «o o O' in 

porNisor~>or\i(Nicocococ7' 
00 ^OKIMA O'OOOtO 
r'-h-m^^mrsih-r^f'-o 

000000*-»^r-»00 

ooooooooooo 

ooooooooooo 

• •••••••••• 

ooooooooooo 
III till 

m^oo® 'Oina' Ntn 
Noo^OiCfflOfnasn*^ 

OOOOOOOMr-lOO 

OOOOOoOoOOO 

ooooooooooo 

• •••«•••••• 

ooooooooooo 
III III 

O'l' r\j m -O O o O CO h- -t 

o m 1-1 H N N 4- O «-* f- ^ 
OOOOOOOOOOO 
OOOOOoCOOOO 

ooooooooooo 

• •••••••••• 

ooooooooooo 
II I I I I I I 

r-oo^aocoaoof-ooin 

^■OfMmr-i'teomstOvO 

inr-co^-mm^aDfo^o 

ooooooooooo 

ooooooooooo 

OOOOOOOOOOO 

• ••••••«••• 

OOOOOOOOOOO 
I I I I I I I I I I I 

wA h- nO O ~ • - 4 * f“- f- «0 sO 
NOONO'OiflNfSIONH 
Hcomin{Mno(M*u , -'t 

f~«^rNjrNjrsim>rrn>t <t ^Q 

ooooooooooo 

ooooooooooo 

ooooooooooo 
I 1 I I I I I I I I I 

MSIOMMNh-NQ^fn 

or*j»A'4"iAo x o*-^ir\Oifi 

sOiri'Otn'i-fCi^'O'i-rorg 

ooooooooooo 

ooooooooooo 

• ••••»*•««• 

ooooooooooo 
I I I I I I I I I I i 

lAHOOinONNNhCDN 

fnm^mHfnmcO'nHO 

or-'i*wo*-«o l -400ao 

ooooooooooo 
• •••••••••a 

O O O O O O O O 1 o o 


r* h n* it'H' 0 ' 0 ' 0 < f iiAf k ' 


^OlAfOHHrOO'tHO 
I I I 


B < - 

d XU. 
Eh q. < 
-l X 
<M < ^ 


c ooo oooo ^oo 

^jsflvO'O'OOOflOOOCD 


51 



TABLE 17-43.- ARTICULATED ROTOR; 0° TWIST, V/tfR = 1.05, M ( 1 )( 90 ) = 
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TABLE IV-45.- ARTICULATED ROTOR; 0 ° TWIST , V/OR = 0.4l, M,w ^ = 0 . 87 . 
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TABLE IV-V 7 .- ARTICULATED ROTOR; 0° TWIST, V/ttR = 0.39, M(;l)( 90 ) = °-93 
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TABLE IV-59.- TEETERING ROTOR j 48-FT TAPERED TIP, v/LR = O.kO, M ( 1 )( 90 ) = O. 85 . 
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(a) Articulated rotor system. 
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(b) Teetering rotor system. 
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Figure 1.- General view of rotor systems. 
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